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ABSTRACT
Title of Thesis: The Kinetics and Mechanism Studies of
Cathodic Electro-initiated Crosslinking
Polymerization of Unsaturated Polyester
Prepolymer
Joseph Yuan-Ji Sheng: Master of Science in Chemical Engineering
Thesis Directed By: Dr. Cheng-Chong Lin
The cathodic electro-initiated polymerization reaction
of the unsaturated polyester prepolymer has been found to
have the characteristics of the first order ionic initiation
polymerization mechanism. The rate of polymer formation is
directly proportional to the current intensity and voltage
supplied, but inversely proportional to the reaction
temperature. The rate of initiation can be expressed as a
function of the initial concentration of the prepolymer,
residence time and reaction temperature. The rate expression
of the initiation step has been derived based upon the
experimental data collected as follows:
ln W = k0 exp[-Ea/RT] Ca0 ln t + ln b
where k0 = 0.257 sec
Ea = 1.26 x 102 cal/g prepolymer
5

2.

b = 1.8 x 10 T - 1.1 T + 102.37
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-1I. INTRODUCTION

The electro-initiated polymerization is a polymerization
of monomer which is initiated by electrons at the metal
surface in an electrolytic cell which contains monomer or
monomers and prepolymers. This is one of the newly
developed technologies which requires knowledge in both the
fields of electrochemistry and polymer science. This process
is quite different from the electrodeposition process and the
conventional dipping and heat curing surface coating process.
The research in the field of electro-initiated
polymerization was probably stimulated by the early
investigation of oxidation of phenol via electricity by
Bartori in 1894. After Bartori's study, in 1947, Rembold
performed an electropolymerization in the methylemethacrylate

olvim

solution. Later, the cathodic reduction reaction of

acrylic acid, acrylonitrile, MMA, styrene and acrylamide were
also studied by Dineen, Schwan, Wilson [1], Rarriavano [2],
Kern and Quast [3]. But all these researches were conducted
in a solution which contains only single monomer.
In 1964, Funt and Williams conducted a kinetic study
of linear copolymerization of MMP and styrene in the solution
by passing a current through the solution.[4] The results of
this study opened a new reseach area in the field of polymer
science.

- 2 The electro-initiated vinyl polymerization as well as
other monomers had been studied by both the universities and
by industries in considerable detail. These studies all had
general interest in determination of polymerization
mechanisms, the molecular weight distribution and polymer
yield as the result of process variable variations.[5]
Ocassionally, the rate expression had been attempted.
The mechanism of electropolymerization is generally done
by either ionic or radical polymerization and sometimes by
both. The initiation of the reaction may be either directly
by redox reaction of monomers or prepolymers, or indirectly
by formation of an activated intermediate complex in the
electrolytic solution. In the earlier studies of the
electropolymerization, primary interest was devoted to
polymer formation in the solution. Whenever the polymer
coating on the electrodes took place, it was considered as
highly undesirable. The polymer formed on the electrodes
act as resistors in the circuit which changes the electrode
potential in an unquantifiable manner, and making the
control of coating process or study of electropolymerization
reaction mechanism very difficult.[6]
The electropolymerization and the electrodeposition
process can both be carried out either by anionic or cathodic
initiation. The anodic electrodeposition process was first
introduced by the Ford Motor Company in 1960's. This process
is based upon the electrophoretic effect of anions in the

- 3 solution under the influence of the electron motion force,
or better known as EME. The anodic process gives a product of
a good, reproducible finish but cause unavoidable corrosion
of the underlying metal.[7] During the anodic deposition
process, there are several possible side reactions taking
place. The most important is the electrolytic decomposition
of water. Oxygen is one of the byproducts of this decompsition, which is highly unfavorable to the polymer formation
on the electrode surface.
In 1965, BASE started investigating the possibility
of cathodic electrodeposition process, and in 1971, Wismer
and Bosso successfully developed the process.[8] The
cathodic electrodeposition process has several advantages
over the anodic electrodeposition process. Among these, the
most important of all are that the substrate is free from
oxidation, and dissolution of metal ions which can cause
contamination and discolouration of the coated polymer film
is also avoided.[9] This process also gives better corrosion
resistance and better protection from alkaline attack.[10]
However, the cathodic process has its major drawbacks; the
formation of electrolyte is quite complex; and there is a
restriction on the choice of solvents and electrolytes for
the monomer by the relationship of solubility. The solution
of choice must also have good electric conductivity.
Due to these extreme difficulties of finding a

- 4 matching workable system, electropolymerization had been
held back until recent years. Because of these complexities
of finding a working system, the research publications on
this subject are limited to a very few systems. Subramanian,
Raff and Garg of Washington State University had
extensively studied the formation of thin film of styrene
polymer on the electrode. [11] [12] [13] [14] These reports have
reopened the interest of both university researchers and
industry for further investigation of the possibility of
finding a better way to overcome those problems and thus
improve the existing processes.
This experiment is not only a continuation of other
researchers' work in this field, but also as an extension
beyond their studies to a far more interesting and more
challenging topics: the crosslinking polymerization by
electro-initiation on the cathode. The experimentation idea
is motivated by the results obtained from the
electroinitiated linear copolymerization of MMA-styrene
system. The system under this investigation consists of
unsaturated polyester, styrene and a trace amount of other
stablizing compounds and supporting electrolyte in the DMF
solution. From this experiment, the reaction kinetics and
polymer growth rate on the cathode surface will be studied as
a function of variation on the substrate concentration,
temperature, external voltage supplied and the residence
time.

- 5 II. THEORY
The principle of the electro-initated polymerization
reaction is based upon electrolysis in electrochemistry.
The electrolysis will be carried out in an electrolytic cell
which contains electrolytic solution. In the cell, there
are two half reactions, oxidation and reduction reactions,
taking place on the positive and negative electrodes
simultaneously.
The initiation of a polymeric chain reaction can be
stimulated by either cationic, or anionic, or free radical
polymerization or by any combination of these polymerizations.
The major differences between these mechanisms are the chain
carriers. The free radical polymerization chain carriers are,
of course, the free radicals. As for the cationic and anionic
polymerizations, the chain carriers are carbonium ions and
carbanions respectively.
The initiation of the polymerization reactions may be
carried out either directly, through oxidation or reduction
of the monomer or prepolymer, or indirectly, through the
formation of an activation intermediate complex in the
reaction.
At the present state of the polymer science field, the
ionic polymerization mechanisms are less thoroughly
understood than the free radical polymerizations. The reasons
are that the reacting systems are usually heterogeneous, and

- 6 consist of organic monomers and starting agents. The
amount of starting agents introduced into the system will
usually affect the result enormously. Also ionic
polymerization often procedes at an extremely high rate, thus
increasing the difficulty of obtaining the kinetic data. The
products formed from the ionic polymerization usually have
very high molecular weights.[15]
The monomers with electron withdrawing group attached
to the double bonded carbons forms stable carbanions, thus
polymerization is best with anionic mechanisms. Conversly,
monomers with electron donating substituants form stable
cations and are best routed by the cationic polymerization
mechanisms. One should be aware that many monomers can be
polymerized by more than one mechanism, such as styrene. The
best type of polymerization mechanism is governed by both
the polarity of the monomer and the acid-base strength of
the ion formed.[16]
Engineering analysis of ionic polymerization has
seldomly been investigated. The first kinetic

treal_ment of

polymerization was proposed by Dostal and Mark[17] in 1935,
in which did not involve any termination steps. This was not
proved until 1950 by Szwarc and his associates[18][19], whom
demostrated the polymerization of vinyl monomers without
termination. This is one of the main characteristics of ionic
polymerization. But based upon Billmeyer, the termination
in the ionic polymerization can not occur between two

- 7 grouping chains. It usually involves the reaction of a chain
with its counter ions or a transfer reaction which leaves a
species too weak to propagate. This directly contrasts the
termination process of radical polymerization. Another
special characteristic of ionic polymerization is the high
rate of polymerization at low reaction temperature. The
temperature coefficients for the ionic polymerization are
usually low, and in some cases they may even be negative.[20]

- 8 A. ANIONIC POLYMERIZATION
The conventional anionic polymerization involves the
addition of a negatively charged ion to the monomer or
prepolymer, which will initate the chain growth by breaking
the unsaturated double bond. The rate of initation is not
only depended upon the amount of negative ions available,
but also on the solvent polarity, the rate of propagation of
the living polymers, and the state of association of the
promotors. Since the ionic polymerization has no
termination; therefore the rate of polymerization will be
described as the sum of initation and propagation reactions.
The initation reaction of anionic polymerization
involves an electron donor acceptor complex, which may be
either an organolithium compound or an alkali metal such as
sodium and lithium.[21] A typical anionic polymerization
mechanism involving only single type of monomer or
prepolymer can be apostulated as:
DA

A-

> D+ +
+ M

P1 + M

>

(1)
P1

(2)

> P2

(3)

For some systems, the initation is induced by the
solvent interacting with the monomers. If this is the case,

- 9 equation (1) can not take place without the presence of
monomers. The initation of this type of polymerization can
be expressed as:
DA + M

> D+ + AM-

(4)

The AM- is the activated monomer and readily
propagateable. Let AM- denotes as P1, then the mechanism of
propagation can be shown as:
P1 + M

> P2

(5)

P2 + M

> P3

(6)

The life of the intermediate complex formed is usually
very short. Therefore, in practical studies, equation (5) is
usually taken as an instantaneous reaction. Since the
polymerizationreaction is much faster than the propagation
reaction, hence usually the later is the rate determinating
step.
The initation of anionic polymerization can also be
carried out directly on the cathode surface in the aprotonic
solvents[22,23,24,25] with high energy carrying electrons.
The polymerization mechanism in the aprotonic solvents can be
shown as follows:
M

+ e-

>

M-

(7)

- 10 M-

+M

(Mn) -

> (M2) -

M

> (Mn+1) -

(8)

(9)

The initiation of polymerization does not depend upon
the type of solvent imed alone. Other elements in the
system may also exert some influences on the initation
mechanism. The monomer or prepolymer chosen as a part of the
system can very well determine either installation of the
polymerization is direct or indirect at the cathode.
The monomer or prepolymer which does not release
hydrogen ions in the aprotic solvents can normally initiate
the polymerization by forming active sites on the cathode.
This process step can be written as follows:
A- + M

> P-

(10)

The mechanism for polymer propagation will be the same
as mentioned above.
As

the monomer or prepolymer will release hydrogen

ions in the aprotonic solvents, the initiation of
polymerization is usually indirect. The hydrogen ions
released upon dissociation of the monomer or prepolymer will
be reduced at the cathode by gaining an electron and forming
hydrogen radicals. This type of mechanism is a typical free

radical initiation. The mechanism is as follows:
H.+ + e.H.* + M

> H.*
> Pl.*

(12)

Pl.* + M

> P2.* (13)

Pn.* + M

> Pn+1.* (14)

Sinse this is a typical free radical polymerization,
the termination is expected. Occasionally,the reaction could
be terminated by the combination of two hydrogen ions to
form hydrogen gas, which can be shown as:
H.+ + H.+

> H2(g)

(15)

The anionic polymerization initiation step can also be
carried out by administering either alkali metal, or alkali
metal complex, or organometallic compounds.[26] The
initiation by the first method will produce growth centers.
The alkali metal or alkali metal complex initate the
polymerization by the transfer of an electron to the double
bond of the unsaturated monomer. The initiation can be shown
as:
Na + R1CH=CHR2

> [R1CH---CHR2 ].- Na.+ (16)

The rate of initiation depends upon the nature of the
substituents of the monomer, the nature of the gegen ion and

- 12 the readiness of the alkali metal to donate the electron.[27]
Also, the type of alkali metal to be used for initiation must
carefully selected because some alkali metals will cause
hetergeneous reaction mass upon forming initiation complex.
The proper resultant complex should form a homogeneous
medium with the monomer and/or prepolymer.
The initiation of polymerization by organometallic
compound is usually carried out by directly attacking the
double bonds of the unsaturated monomer instead of forming
an intermediate complex. The organometallic compound normally
will first be ionized and only then will the carbanion
formation occur. The most effective anionic initiation is
usually done by administering organoalkali compounds. But
this does not mean that they can always be used. The
suitable environment for using organoalkali compound must be
determined by experimental kinetic studies. The typical
organoalkali compound initiation mechanism is:
R1CH2-Li
R1CH2-

> R1CH2R2CH=CH2

Li+

(17)

> R1CH2R2CH2CH2- (18)

B. CATIONIC POLYMERIZATION
The cationic polymerization growth center is cationic
in nature. The initiation of the cationic polymerization is
usually accomplished with initiators, which are electron
acceptors, such as Lewis acids. The mechanism of successive
addition of the monomers to the polymer cation growth center
is similar to the anionic polymerization. The mechanism of
this elementary reaction can be expressed in two steps as:
Initiation
AX

> A+ + X-

A+ + C=C

(19)

> A-C-C+

(20)

Propagation
A-C-C+ + C=C

A(-C-C-)n-1 + C=C

> A(-C-C-)2

(21)

> A(-C-C-)n (22)

The cationic polymerization can be induced by
initiators which release cations in the reaction mass.[28,29]
The commonly used cationic polymerization initiators are:
1) Protonic acids: sulfuric acid, hydrochloric acid,
etc...
2) Aprotonic acids: aluminum choride,zinc chloride etc.
with co-initiators such as water and organic acids.
3) Carbonium salt with alkyl or aryl chlorides.

4) Cationogenic substances.
The protonic acids must be ionized in the reacting
medium in order to protonate the monomer. These ionized
species are sole responsible for the initiation of cationic
polymerization. The initiation mechanism of protonic acid,
hydrochloric acid, can be shown as:
HC1

> H+ + Cl-

H+ + C=C

(23)

> H-C-C+

The aprotonic acids, as opposed to the protonic acids,
do not yield carbonium ions by themseleves alone. Therefore,
co-initiators are uusually required to co-exist with the
aprotonic acids in the reaction medium. This reaction is
illustrated as below:
AlC13 + H20

> H+ AlC130H- (25)

The polymerization which initiated by this type is known
to terminate before completion. This is an indication of an
unfavorable side reaction which causes a rapid consumption of
the aprotic acid or the co-initiator.
The initiation by carbonium salt and alkyl or aryl
chloride can be carried out in a single step. The carbonium
ion which generated can add on to the monomer. The cationic
polymerization initiated by the carbonium salt and alkyl or
aryl chloride can be written as:[30]

- 15 (CH3)3-C1 + Al-(C2115)3
(CH3) 3-C+ (Al- (C2H5) 3C1) -

(26)

The competing reaction of the above reaction will lead
to neutralization of the carbonium ions. Therefore, the rate
of polymerization will depend upon which reaction dominates.
The competing reaction is as follows:
(CH3) 3-C+ (Al (C2H5) 3C1)
(CH3) 3-C-C2H5 + Al (C2H5) 2C1

(27)

The cationogenic substances by itself can not initiate
the cationic polymerization. It must be ionized in the
reaction medium to yeild carbonium ions, which act as the
initiating species for the cationic polymerization. The
cationogenic substances polymerization initiation mechanism
are quite similar to the aprotic acids and carbonium salt
initiation mechanisms except that the type of co-initiators
are different.
The propagation of the cationic polymerization depends
upon the size, physical and chemical nature of the carbonium
ion's ionic conjugate pair, and the interaction between the
carbonium ions and the solvent, and also the stability of
the carbonium ions formed. The effect on polymerization by
the size, physical, and chemical nature of the ionic
conjugate pair had been studied by Kennedy and Gilham.[31]
The results from the study showed that the molecular weight

- 16 of the resultants increases at given temperature and
environment. But the exact relationship between the polymer
molecular weight, the size and the nature of the carbonium
ion conjugate pair are still not quite understood.[32]
From the study of the effect of the interaction between
the carbonium ions and the solvent to the rate of polymer
propagation, the activation energy in some cases has been
shown to be inversely proportional to the propagation rate
constant of the reaction medium.[33] This is because the
formation of a covalent bond between the carbonium ion and
the reaction mass is favored in the low dielectric constant
medium. This formation of covalent bond will undoubtly
increase the resistance for monomer to migrate, thus
reducing the rate constant of polymer propagation.
The polymer propagation constant can be increased if
the substituent on one of the closed carbon atom to the
unsaturated double bond of the monomer is an electron donor.
This electron donor will donate the electron to the pi bond,
which will promote the monomer migration. Thus the chance
for the monomer to be polymerized increases, which means the
increase in polymer propagation rate constant.
The termination of a cationic polymerization is quite
normal. The termination step is usually carried out
unimolecularly, unlike the radical polymerization which
bimolecular termination mechanism is normally employed. The

- 17 rate of termination shares the same effect as the rate of
propagation. Since polymer propagation comes before the
termination, therefore, if the rate of propagation has been
slowed down , the rate of termination will certainly be
prolonged.

- 18 III. HYPOTHESIS OF REACTION MECHANISM
The mechanism can be postulated as follows:
At cathode,
kil
D- + M1

> X1,0-

(28)

> Y1,0-

(29)

kit
D- + M2

where D- is the activated sites on the cathode. The
monomers or prepolymers will be activated on the cathode by
the high energized electrons. These activated monomers or
prepolymers will then react with monomers or prepolymers
diffused from the bulk solution at the cathode.(Fig.2)
After initiation of the polymerization reaction, an
ultra thin polymer film will start to develop on the electrode.
The development of this film will crest a concentration
gradient between the polymer growing surface, or the active
sites, and the bulk solution. This is the main driving force,
the mass transfer, which will lead to the further reaction or
better known as the propagation reaction. The rate of polymer
propagation will be determined by the diffusion rate of the
monomers or prepolymers from the bulk solution to the
diffusion layer then to the reacting surface.

As the film is

growing, the availability of prepolymers or monomers at the
local polymerization zone decreases. This undoubt will
limit the rate of polymerization to the rate of diffusion.
The anodic propagation reactioni is limited by the rate of

- 19 diffusion. The anodic propagation at the cathode after the
cathodic electroinitiation can be presented as follows:
kll
Xi,j-

+

M1

Xi,j-

+

M2

> Xi+1,j-

(30)

> Yi,j+1-

(31)

> Xi+1,j-

(32)

> Yi,j+1-

(33)

kl2
k21
Ml

Yi,j-

k22
Yi,j-

+

M2

Since the chain transfer reaction usually will only
happen in the free radical polymerization, therefore, it is
logical to assume no chain transfer reaction occured.
Similarly, the termination of the living polymerization will
also be eliminated because it usually only occurs in the free
radical polymerization.
The polymer growth rate per unit coating surface is
equal to the polymerization rate and the consumption rate of
the monomers and/or the prepolymers in the bulk solution.
This is because the product formed in the DMF solution is not
soluable in the DMF solution. Thus, amount of the monomers
and/or prepolymers consumed must equal to the amount of
polymer formed. Let rl equal the rate of consumption of the
monomers or the prepolymer type I in the solution, and r2
equal the rate of consumption of the prepolymers or monomers
type II in the electrolytic solution. Then the rate of growth
of the polymer can be written as r = rl + r2.

The rate of the polymerization of prepolymers and/or
monomers on the cathode can be expressed as,
1

d [Ml]

A

dt

rl =
= kil f [D-] s [Ml] s + kll [Xi, j -] s [Ml] s
k21 [Yi , j -] s [Ml] s

+

1

d [M2]

A

dt

r2 =

(35)

(36)

= ki2f[D-]s[M2]s

+ kl2[Xi,j-]s[M2]s

k22[Yi,j-]s[M2]s

(37)

The mass diffusion of the monomers or the prepolymers of type
one and two from the bulk solution to the polymerization zone
can be defined as follows:
Mass flux of monomers or prepolymers
Type I
N1 = kdl{[M1]0 - [Ml]s}

(38)

Type II
N2 = kd2{[M2]0 - [M2]s}

(39)

At the steady state, the amount of prepolymers or monomers
type I and II consummed equal to the amount of prepolymers or
monomers diffused into the polymerization zone, therefore,
ri = N1 and r2 = N2. The concentration of monomers or

prepolymers type I and II at the surface can be expressed as
B = kll[Xi,j-]s + k21[Yi,j-] + kilf[D-]s + kdl
kdl[M1]0
(40)

[Ml]s =
B

C = kl2[Xi,j-]s + k22[Yi,j-]s + kilf[D-]s + kd2
kd2[M2]0
[M2]s =
C

Since, N = r and n = r , then
1
rl =

gvino

(42)

[Mu]o

(43)

B

r2 =
C

The rate of polymer growth in the polymerization zone is
depended upon the rate of polymerization in the
polymerization zone and the rate of diffusion of prepolymers
and/or monomers through the diffusion layer. The rate of
diffusion is a function of the diffusivity and the driving
force, the concentration gradient, which are functions of the
temperature and the solubility product of the system. The
overall system limiting step can be either the rate of
polymerization or the rate of diffusion of the prepolymers or
the monomers, or both.
For the polymerization rate controlling, the rate of
diffusion of the monomers or prepolymers is much greater than

- 22 the rate of consuming of the monomers or prepolymers.
Therefore,
kdl >> kll[Xi,j-]s + k21[Yi,j-]s + kilf[D-]s (44)
and
kd2 >> k12[Xi,j-]s + k22[Yi,j-]s + ki2f[D-]s (45)
The rate of reaction can be expressed as follows:
For the monomers or prepolymers of type I
rl = {kll[Xi,j-]s + k21[Yi,j-]s + kilf[D-]s} [Ml]0 (46)
For the monomersd or prepolymers of type II
r2 = {k12[Xi,j-]s + k22[Yi,j-]s + ki2f[D-]s} [M2]0 (47)
If the amount of monomers or prepolymers consummed are
relatively small, it is safely to assume that the
concentration of the monomers or prepolymers in the
electrolytic solution remains constant. If above assumption is
valid, then the rate expression can be simplified by letting
k01 = kll[Xi,j-]s + k21[Yi,j-]s + kilf[D-]s

(48)

k02 = kl2[Xi,j-]s + k22[Yi,j,-]s + ki2f[D-]s

(49)

The final rate expression will be
r = k01 [Ml] 0 + k02 [M2] 0

(50)

If the rate of diffusion is the controlling step, then
the rate of polymerization will be a strong function of the
diffusivity of the monmers or prepolymers in the electrolytic

solution. In this case,
kdl << kll[Xi,j-]s + k21[Yi,j-]s + kilf[D-]s

(51)

kd2 << k12[Xi,j-]s + k22[Yi,j-]s + ki2f[D-]s

(52)

and

Now, substituting the above two equations into the rate
expression of each component in the system.
For the monomers or prepolymers of type I
rl = kda. [Ml] 0

(53)

For the monomers or prepolymers of type II
r2 = kd2[M2]0

(54)

The overall rate expression can be expressed as
r = kdl[M1]0 + kd2[M2]0

(55)

From this rate expression, it is easy to see that the rate of
polymerization is proportional to the initial monomers or
prepolymers concentration. If the initial concentration of
the monomers or prepolymers are equal then
[Ml] 0 = [lv12] 0

(56)

and, the overall rate expression can be rewritten as,
r = ( kdl + kd2 ) [M]0
or, further simplified to,

(57)
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r = k03 [M] 0

(58)

In the case of both mechanisms controlling the process,
none of the terms can be neglected in the rate expression.
Therefore, all the terms must be evaluated and examed
individually. But in any case, the overall rate of
polymerization is depended upon the temperature, monmers or
prepolymers concentration, the current concentration, or the
external voltage supplied, and the reaction time.
By Ohm's law, under the current voltage operating
condition, the current will decrease as the polymer film
thickness increases. The drop of the current density of this
system is formed by the polymer film formation, which act as
a resistor in the system. The current density changes accross
the diffusion layer, and the potential drop is due directly
to the circuit resistance. The electrolytic solution
resistance should be considered as well. But in order to
simplify the complexity of the system under study, only the
resistance due to the polymer film growth and the system
electrolytic resistance will be considered.

- 25 IV. EXPERIMENTAL PROCEDURE

This experiment is to be carried out in a batch reactor,
which will be secured by a beaker clamp to a laboratory bench
vertical bar and at same time suspended in a constant
temperature water bath. The water bath is rested on an
electrical heating plate with built in magnetic stirring
mechanism. The hot plate is situated on top of a laboratory
bench jack. In order to maintain the constant temperature
throughout the entire reaction, a temperature feedback
control loop will be installed.(Eig.1)
The temperature of the bath will be sensed by a mercury
thermometer and regulated by a temperature regulator which is
mounted directly on the top of the temperature sensor to
minimize the signal transmition lag.
The hot plate will be turned on when the bath
temperature dropOs below the set temperature of the bath in
the temperature regulator. Similarly, when the bath
temperature reaches or exceeds the set bath temperature in
the regulator, the hot plate will be turnned off
automatically. An extra mercury thermometer is placed in the
electrolytic solution to obtain the true temperature of the
system. This will also act as a guide line for the manual
control to minimize the initial operation overshoot. The
differential output signal from the temperature regulator
will be sensed and transmitted to an on/off temperature

- 26 switch which will control the power supply to the electrical
heating plate through a voltage regulator.
The power supply of the electrodes for the
electroplating is from another source. This power supply
circuit consists of an ammeter, constant output voltage
regulator, two anodes and one cathode. The voltage regulator
is used to ensure constant voltage supplied to the
electrodes. The ampmeter is used to measure the current
passing through the circuit in the process of polymerization.
The three electrodes are installed parallel to each other in
the sequence of anode, cathode, anode. The distance between
each adjacent electrode is predetermined to be half of a
centimeter. In order to have compatible results, a Teflon
block with three parallel slots with a center hole in each
slot has been drilled. The slots are used to guide the
electrodes so that constant spacing between each adjacent
electrode will be obtained. The holes in the center of the
slots are for the platinum wires which are used to connect the
electrodes and the extension wires.
Platinum has been chosen as the material for anodes, and
industrial carbon steel has been chosen for the cathode. The
reason for selecting industrial carbon steel as the material
for the cathode is due to the local area availability and
the closeness simulation of the industrial applications. All
electrodes are cut to one uniform size of four centimeter by
four centimeter square blocks. Each electrode was drilled

- 27 at the top center one half of a centimeter from the edge. The
thickness of the cathode is half of a millimeter, which is
one of the manufacture standard size.
All electrodes must go through a series of surface
cleaning steps before the actual application to the
experiment. The process of metal surface treatment in general
is a tedious job. The surface cleaning of the anode is a
little simpler than the cathode. The metal usually needs to
go through degreasing, primary surface cleaning, prestorage
anticorrosion treatment and preexperimental application
surface cleaning steps. The purpose of the degreasing step is
to remove the grease film layer on the metal surface which is
usually applied in the factory to prevent the corrosion prior
the shipment. The removal of this corrosion resistant layer
will increase the efficiency of the suceeding surface
cleaning processes. Immediately after the surface degreasing,
the metal must be properly stored to avoid the corrosion
taking place.
The metal surface cleaning procedure is as follows:
Safety precaution : Prepare the degreasing solution in
the laboratory under the vacuum hood.
1. Make a sufficient amount of saturated sodium
dichromate solution by dissolving sodium
dichromate solids in the distilled water until
the saturation point is reached.

- 28 2. Pour and stir one hundred parts of concentrated
sulfuric acid, with specific gravity of 1.84,
slowly into thirty parts of saturated sodium
dichromate solution by volume.
3.

Bring the solution temperatur to 63±3°C (155+5°F)
and immerse the metals in it for fifteen minutes.

4.

Wash the metal thoroughly with distilled water
and dry the metal in an oven at a temperature
below 93.3°C (200°F) for about half of an hour.

5.

Pour the used cleaning solution into a tightly
sealed bottle and label it for disposal. DO NOT
POUR IT DOWN THE DRAIN !

6.

Store the metal in an uncontaminated solution of
methyl-ethyl ketone (MEK) and top the container to
prevent the evaporation of MEK. The after treated
metal under the normal unprotected condition will
corrode within few hours. The amount of MEK should
be enough to cover all metallic parts. This will
protect the metal for few days from oxidizing.

For the electrolytic solution,
7.

Measure equal amount of styrene monomers and
unsaturated polyester prepolymers by weight into
the batch reactor.

8.

Measure and pour sufficient amount of DMF solution
in the batch reactor to obtain the desirable
working concentration.
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The amount of support electrolyte, sodium nitrate,
needed to make 0.04M of supporting electrolyte in
the DMF solution will be measured and poured into
the batch reactor. Keep stirring until all solids
are dissolved.

10.

Top the reactor with nitrogen purge and let it sit
overnight.

At the following day,
11.

Before applying the metals to the experiment, the
surface cleaning is required. Remove the metals
from the MEK solution and rinse it with tap water.

12.

Apply liquid soap to the metal surface and rub the
metal surface carefully so as to prevent any
scratches.

13.

Rinse the metal with the distilled water until the
surfaces free of soap.

14.

Immerse the metal in a beaker which contains
uncontaminated trichloroethliene.

15.

Place the entire beaker in the ultrasonic bath for
fifteen minutes.

16.

After the ultrasonic bath treatment, the metal
will be cleaned with liquid soap again.

17.

Rinse off the soap with distilled water until no
soap remains on the metal surface.

18.

Soak the metal in the uncontaminated acetone
solution for few minutes.
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Rinse off the acetone with the distilled water.

20.

place the metal in the oven in such a way that
the surface will be free from contact with any
foreign object. The oven will be set at 93 ° C,
and this takes about another fifteen minutes.

21.

Remove the metal with a pair of twizers, and hang
the metal in the hood to cool.

22.

Record the weight of the metal after it is
completely cooled.

23.

Secure the metal to the second slot of the Teflon
block by connecting the metal with a platnum wire
through the hole which had been drilled earlier on
the metal.

24.

Place the two platnum anodes in the two slots next
to the metal in the similar fashion as in the
previous step.

25.

Raise the batch reactor to the desired height so
as that the electrodes will be immersed in the
electrolytic solution at the desired depth.

26.

Raise the laboratory jack so that the water bath
will be slightly over the electrolytic solution
level.

27.

Hook up the temperature controlling loop and the
external voltage power supply system.

28.

Adjust the constant voltage regulator to the
desired output.
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Turn on the ammeter and set the temperature
regulator to the desired value.

30.

To reduce the oscillation time of the temperature
loop, it is advisable to regulate the heat supply
manually at each initial start up.

31.

When the electrolytic solution has reached the
desired operating temperature level, turn the
voltage regulator on and record the ammeter reading
at each convient time interval.

32.

At fixed intervals, remove the cathod and dry it
with air and record the weight of the metal.

33.

Repeat steps 23 to 33 and adjust the system
parameters to the desired level. After the entire
experiment is completed then take a photo of each
metal surface.

To analyze the product and its degree of polymerization,
following steps will be applied. Of course, there are other
methods available. Due to lack of sophisticated analytic
instruments the analytical methods applicable are limited.
Since the crosslinked polymers can not be dissolved in most
of the solvents, the methods available for analyzing the
product are even further constrained. In this experiment,
only infered spectrumeter (IR) will be used to analyzing
the product. The nuclear magnetic resonance (10/1R) can not
be used in this case due to the difficulity of dissolving and
purifying the product.

- 32 The analyzing procedure are as follows:
1.

Take a small amount of sample of the electrolytic
solution prior to the experiment for liquid IR
analysis.

2.

Scrape off some product from the metal surface and
wash the sample three times with uncontaminated
DMF solution. Then let the sample dry in the air.

3.

Measure the amount of sample and potassium bromide
(KBr) in the ratio of 1 to 50 by weight
respectively.

4.

Grind both the sample and the KBr together to fine
powder.

5.

Compress the above powder into a thin transparent
disc and ready for solid IR analysis.

- 33 MATERIAL SPECIFICATION
The specification of unsaturated polyester prepolymer
resin used.
Product Name: POLYLII:h 33-072
Manufacture: Reichhold Chemical, Inc.
Viscosity, Brookfield @77°F: 300-400 cps
OWE spindle No. 3 @ 60 RPM)
Specific Gravity: 1.10-1.11
Density: 9.2-9.3 lbs/gal
PROPERTIES OF CURED UNFILLED 33-072 POLYLITh®
Tensile Strength: 8-10 X 1000 psi
Flexural Strength: 12-15 X 1000 psi
Flexural Modulus: 5.5-6.0 X 10000 psi
Compressive Strength: 20-25 X 1000 psi
Barcol Hardness: 45-50

- 34 V. DISCUSSION OF RESULTS

The experimental kinetic study of the electro-initiated
unsaturated polyester prepolymer crosslinking polymerization
reaction on the cathod surface has been conducted in a batch
reactor at various range of reactant concentrations, reaction
temperature and applied voltages. The results indicate that
the measured current varies inversly proportional to the
residence time and directly proportional to the the applied
voltage.(Fig.4) This observed phenomena can be explained by
the relationship of V = IR, which stated the direct
relationship between the current and voltage applied.
Through out the entire experiment, the current has the
tendency of decreasing exponentially with the residence
time.(Fig.4,5,6) The current will reach its steady state after
approximately fifteen minutes of reaction time. This
observation is most likely caused by the rate of
polymerization reaction on the cathod surfaces. At higher
voltage supplied, the current intensity will increase
proportionally.(Fig.7) At same time, the rate of
polymerization will be increased by the increasing number of
free electrons available in the solution thus increase the
resistivity to the current flow. The spaces between the
polymer molecules is large enough for the electrons to pass
through. The amount of electrons can pass through at any one
time is depended at upon the percentage of the cathode surface

- 35 that has been coated by the polymers. Therefore, the current
reading will reach the steady state reading after the
polymerization initiation stage has been completed on the
cathod surface.
Within the experimental range, the observed current
variation is relatively uneffected by the variation of
reaction temperature.(Fig.5) This is because of the
relationship between the current and voltage in the dilute
prepolymer solution is a weak function of reaction
temperature. The experimental current reading was dropped
approximately 30 mA for the experimental reaction performed
at temperature of 300 K, 303 K and 308 K.
The polymer growth rate on the cathode surface has been
found directly proportional to the prepolymer concentration
in the solution (Fig.9) and inversly proportional to the
reaction temperature.(Fig.8) Under most conditions, the rate
of product formation is directly proportional to the
concentration of the reactants. The polymerization reaction
is unfavorable at high temperature is one of the distinct
characters of ionic polymerization.
The product found on the cathod surfaces has the
characteristics of being non-conducting and unsoluable in the
DMF solution. The solid infad red spectrumpscopy analysis (IR)
of the product has been compared with the initial unreacted
unsaturated prepolymer.(Fig.11,12) The result indicated that

- 36 all of the double bonds in the unsaturated polyester have
been reacted. Since both reactants are soluable in the DME
solution, the only possible structure of the product formed
will not be dissolved in the DMF solution is to have all the
double bonds reacted and forming three dimensiomal structured
polymers. To ensure the product does not dissolve in the DME
solution, the product has been placed in a sealed container
which contains DMF solution. The entire container was heated
for 6 hours in a well ventilated hood at the temperature
of approximately 800C. The result shows no sign of loosing
any products.
The initiation reaction of the unsaturated polyester
prepolymer has been found to be first order, which agreed
with the postulation. The rate constant can be obtained by
plotting the rate of polymer formation against the residence
time on log-log paper.(Fig. 10) The slopes obtained for the
reaction conducted at 300 K, 303 K and 308 K were 0.79, 0.79,
0.80 respectively. The integration constant, b, has the value
of 1.8 x 10 3T 2 - 1.1 T + 102.37. The activation energy can
be derived by employing Arrhenius Law, k = k0 exp[Ea/RT].
The value of k0 and Ea are 0.257 sec and 1.26 x 10a
prepolymer respectively.

cal/g

- 37 VI. CONCLUSION

The electro-initiated polymerization of the unsaturated
polyester prepolymer on the cathode surface via electroinitiation has been studied in the laboratory. The
experimental result indicates that the initiation reaction
agrees with the postulated first order reaction From the
experimental observation of unfavorable product formation at
higher reaction temperature, the polymerization reaction is
therefore strongly suspected of taking the route of an ionic
polymerization mechanism.
The rate of the polymer growth rate of the initiation
stage is relatively independent of temperature changes in the
dilute system. But the overall polymer formed is less at
higher reaction temperatures. It was also observed that within
the experimental range studied, higher the power applied to
the system, the higher the rate of polymer formation. The
system under studied is suspected to have more than one
reaction mechanism involved. This is because the Arrhenius
plot shows two different slopes for each temperature run.
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- 40 VIII. NOMENCLATURE

b

Integration constant.

e-

free electron.

f

Fraction of monomer or prepolymer reacted.

k0,kin,knm Reaction rate constant. i,n,m = 1,2 ..... N.
rl,r2 Rate of polymer reaction.
t

Residence time, min.

Ca0

Initial prepolymer concentration.

AX,DA Symbolic representation of prepolymer and monomer.
D+,A-,X- Functional group of prepolymer and monomer.
M,Mn+1 Monomer and monomer in its appending sequence.
N1,N2 Mass flux of monomer and prepolymer.
P,Pn Polymer and polymer in its appending sequence.
W

Weight of the polymer.

Xi,j Yi,j Symbolic representation of propagating polymers.
Free radical type active species.
Active, or live polymer and live prepolymer.
]s Steady state concentration.
]0 Initial concentration.

Figure 1: Schematic Diagram of Experimental Apparatus

Figure 2: Schematic Diagram of Surface Coating Growth

Figure 3: Concentration Profile of Prepolyner

Figure 4: Current Profile Variation Under Different
Power Supply Voltages

Figure 5: Current Profile Variation Under Different
Reaction Temperature

Figure 6: Current Profile Variation Under Different
Initial Prepolymer Concentration

Figure 7: Polymer Growth Rate At Different Power
Supply Voltages

Figure 8: Polymer Growth Rate At Different Reaction
Temperature

Figure 9: Polymer Growth Rate At Different Initial
Prepolymer Concentrations

Figure 10: Polymer Growth Rate Under The Influence
of Reaction Temperature

Figure 11: Infred Spectra of POLYLITE
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TABLE 1. THE EFFECT OF INITIAL PREPOLYMER
CONCENTRATION ON THE POLYMER GROWTH RATE.
T = 300 K

V = 4.5 V

weight of polymer/unit area, g/cm x 10
time,min
0
1
2
5
10
15
20
25
30

1 C=2.5
+
0
1
+
1 0.89
+
1 0.93
+
1 1.55
+
1 2.48
+
1 2.79
+
1 4.09
+
1 4.34
+
1 7.13

1
+
1
+
1
+
1
+
1
+
1
+
1
+
1
+
1
+
1

C=5.0
0
1.55
2.79
4.65
9.30
11.16
12.40
12.40
13.64

1 C=10.0
+
0
1
+
1
7.75
+
1 14.60
+
1 20.15
+
1 21.39
+
1 25.42
+
1 25.10
+
1 25.42
+
1 26.97
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TABLE 2. THE DEPENDENCY OF POLYMER GROWTH RATE
ON THE TEMPERATURE.

C = 5 wt.%

V = 4.5 V

weight of polymer/unit area, g/cm x 10
time,min
0
2
5
10
15
20
25
30

1 T=300 K 1 T=303 K
+
+
0
0
1
+
I
2.79 1
1.24
+
1
4.70 1
2.79
+
+
1
8.37 1
4.57
+
+
1 11.16 1
6.20
+
+
1 11.70 1
6.51
+
+
1 12.56 1
6.76
+
+
1 13.61 1
6.82

1
+
1
+
1
+
1
+
1
+
1
+
1
+
1
+
1

T=308 K
0
0.775
1.550
2.54
3.72
3.72
3.72
3.44
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TABLE 3. THE EFFECT OF REACTION TEMPERATURE
ON THE CURRENT THROUGH PUT.

C = 5 wt.%

V = 4.5 V

current, mA
time,min
0
1
2
3

1 T=300 K ( T=303 K 1 T=308 K
+
+
82.1 1
72.8
1
82.9
+
+
49.2 1
53.4
1
56.1
+
+
44.9 1
39.5
1
55.8
+
+
J
40.8
38.5
53.2

4

38.0

5

36.0

6

34.5

7
8
9
10
-

15
-

20
-

25
30

1
+
1
+
1
+
1
+
1
+
1
+
1
+
1

33.3
32.2
31.1
30.7

1
+
1
+
1
+
1
+
1
+
1
+
1
+
1
+

38.0
37.5
36.5
35.5

52.7
1
+
1
+
1
+

35.0
35.0

52.8
52.8
52.8
52.6

1
+

52.6

34.5

52.9

34.5

52.5

29.0

34.9

51.4

28.0

38.5

50.7

27.1

38.5

50.9

28.7
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TABLE 4. THE EFFECT OF POWER SUPPLY VOLTAGE
ON THE CURRENT THROUGH PUT.

C = 5 wt.%

T = 300 K

current, mA
time, min
0
1
2
3
4
5
6
7
8
9
10
15
20
25
30

I V= 4 v I V= 4.5 v I V= 6 v
+
+
+
I
38.5 I
82.1
I 141.3
+
+
+
22.5 J
49.2
I 102.7
+
J
19.2 I
44.9
I
86.2
+
+
J
17.6 I
40.8
I
72.8
+
+
17.0 I
38.0
I
64.0
+
+
I
16.3 I
36.0
I
57.0
+
+
+
I
15.9 I
34.5
I
52.8
+
+
+
I
15.6 I
33.3
I
49.7
+
+
+
I
15.4 I
32.2
I
47.4
+
+
+
I
15.4 I
31.5
I
45.9
+
+
+
15.3 I
30.7
I
44.7
+
+
I
14.4 I
28.7
I
40.6
+
+
+
I
13.8 I
29.0
I
39.2
+
+
+
I
13.8 I
28.0
I
38.0
+
+
j
14.0 I
27.1
I
37.5
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TABLE 5. THE EFFECT OF PREPOLYMER CONCENTRATION
ON TEE CURRENT THROUGH PUT.

V = 4.5 v

T = 300 K

current, mA
time,min
0
1
2
3
4
-

+

5
-

6
-

7
8
9
10
15
20
25
30

1
+
1
+
1
+
1
+
1
+
1
+
1
+
1
+
1
+
1

C= 2.5 1
+
77.9 1
+
35.4 1
+
29.8 1
+
24.8 1
+
23.2 1
+
22.8 1
+
22.5 1
+
22.1 1
+
21.5 1
+
21.1 1
+
21.2 1
+
20.2 (
+
19.2 1
+
17.4 1
+
16.5 1

C= 5

C= 10

82.1

125.1

49.2

61.9

44.9

53.0

40.8
38.0
36.0
34.5
33.3
32.2
31.3
30.7
28.7
29.0
28.0
27.1

1
+
1
+
1
+
1
+
1
+
1
+
1
+
1
+
1
+
1
+
1
+
1

44.0
43.8
43.5
42.5
41.0
39.6
38.3
37.3
33.2
30.4
28.4
26.0
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TABLE 6. THE EFFECT OF POWER SUPPLY VOLTAGE
ON THE POLYMER GROWTH RATE.
T = 300 K

C = 5 wt.%

weight of polymer/unit area, g/cm x 10
time,min
0
2
5
10
15
20
25
30

1 V=4 v
+
0
1
+
1 0.47
+
1 1.55
+
1 2.09
+
1 2.28
+
1 2.33
+
1 2.37
+
1 2.40

1
+
1
+
1
+
1
+
1
+
1
+
1
+
1
+
1

V=4.5 v

V=6 v

0

I

0

1.40

I

3.72

2.33

I

5.58

4.19

I

6.98

5.58

I

8.37

5.85

I

8.84

6.28

I

10.99

6.80

I

12.25

